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Abstract—An experimental investigation has been conducted to examine the enhancement of toughness
of composites due to crack bridging under creep and fatigue conditions. The model composite used for
the study consists of a metal wire inside a thick-walled glass tube. It is found that the fatigue and the
creep resistance of the constrained wire depends upon the failure mechanism. Compared with the
unconstrained monolithic wire, the model composite shows greater fatigue and creep strengths due to
plastic constraint. The failure stretch of the constrained wire is less for fatigue loading than for monotonic
loading; the contribution to toughening is thus reduced under cyclic loading. The failure stretch in creep
is dependent only upon the failure mechanism and not upon the applied stress level.

1. INTRODUCTION

The addition of ductile particles or wires to a brittle
material can lead to a significant enhancement in
toughness of the material. Some engineering ma-
terials of practical importance which have been
toughened in this way are alumina reinforced with
aluminium [1-3], titanium intermetallic alloy
reinforced with niobium [4,5], tungsten carbide
reinforced with cobalt [6] and glass reinforced with
lead [7].

The enhanced toughness has been attributed to
bridging by intact ligaments of the ductile phase in
the wake of the crack tip (see Fig. 1). The ductile
phase may also increase the toughness by other
mechanisms such as crack deflection, crack trapping,
plastic straining of particles in the process zone
around the crack tip, and by debonding along the
particle/matrix interface. The toughness enhance-
ment due to bridging increases with increasing length
of the ductile bridging zone behind the crack tip until
a steady state toughness is attained at a constant
length of bridging zone. The steady state bridging
zone size is set by the crack opening displacement, u*,
at which the ductile particles fail. The steady state
increase in toughness, AG,, is given in terms of the
area fraction f of the ductile ligament intersecting the
crack path, the uniaxial yield strength of the un-
constrained particle, o,, and a representative cross
sectional radius of the particle, a,, by [7]

AGC =f00a0W (1)

where

w= [T ©

is a non-dimensional work of rupture. W varies
between 0.5 and 8 depending upon the degree of the
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constraint experienced during the deformation of the
ligament and the constitutive properties of the ductile
phase [5,7]. a(u/a,) is the nominal stress on the
constrained particle at a given normalised crack
opening u/a,. The stress—displacement response of a
constrained wire has been shown to differ consider-
ably from that of the unconstrained one [4, 7-9]. The
maximum Stress, o,., on the constrained particle
ranges between 1.00, and 60, depending upon the
extent of the debonding at the particle/matrix inter-
face [5, 7). The highest value of 6, is obtained when
there is no debonding.

To date, studies on the mechanisms of ductile
particle toughening have been devoted to the determi-
nation of the non-dimensional work of rupture, W,
under a monotonically increasing load [1-7, 10-12].
Large values of W (~8) have been obtained for
reinforcements that workharden and interfaces that
debond readily [5]. Typically, W exhibits a linear
dependence upon the debond length, L,, and upon
the normalised plastic stretch to failure of the
particle, u*/a,.

Fig. 1. Crack bridging of brittle matrix by ductile particles.
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However, despite the tremendous progress in the
understanding of the toughening mechanisms under
monotonic loading, there have been few correspond-
ing studies on the fatigue and the creep behaviour of
ductile particle reinforced composites. For a titanium
intermetallic alloy reinforced with niobium, it has
been shown recently [13] that a bridging zone of
about 4 mm observed under monotonic loading is
diminished to within 150 um from the crack tip under
a cyclic loading. Also, fatigue crack propagation
occurs at a stress intensity range below that required
for the initiation of crack growth under monotonic
loading [13].

In this paper, we investigate the fatigue and the
creep behaviour of a constrained lead (Pb) wire.
Cylindrical specimens consisting of a lead wire
bonded to a thick-walled glass tube [4, 7] are tested
under cyclic fatigue loading. In addition, creep rup-
ture tests of the model composite are carried out at
room temperature. Monotonic test results for the
same model system have previously been reported by
Ashby et al. [7]. For comparison, further monotonic
tests are carried out in this study. To avoid a rep-
etition of the work of Ashby et al. [7], only a brief
discussion is given of the monotonic test results
obtained in the present work. The toughening due to
the ductile wire is found to be a strong function of the
degree of debonding at the glass/lead interface.

2. EXPERIMENTS

2.1. Specimen geometry and preparation

The geometry of the test specimen is shown in
Fig. 2. It consists of a glass circular cylinder re-
inforced with a central lead wire, and is similar to that
used by Ashby et al. [7].

Preparation of the specimens was as follows. Glass
tubes of length 100 mm, internal diameter 2.1 mm
and external diameters 9 mm were cleaned ultrasoni-
cally, and then dried in an oven at 300°C for 15 min.
The lead (99.999% purity) was melted in an alumina
crucible and drawn by suction into the tubes. The
tubes were immediately transferred to a furnace at
275°C and cooled slowly to room temperature at
20°C/h. Preliminary tests showed that strong bonding
between the glass and the lead required a slow rate of
cooling. This is not surprising since there is a large
mismatch of coefficients of thermal expansion, a, of
the two materials; « =5 x 107°K~! for glass and
a=29x10"°K~! for lead. After cooling, samples
were selected in which the lead was free from bubbles,
voids or oxide layer over a length of at least 20 mm.
A deep notch was scored around the outer circumfer-
ence of the tube using a glass cutter. The tubes were
then adhesively bonded at each end into steel holders.
Precracking of the specimen was achieved by a slight

tMade by Wall Colmonoy Limited, Alloy Site, Pontardawe,
Glamorgan, Wales.
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Fig. 2. The test piece. A glass capilliary tube of inner
diameter 2.1 mm, and outer diameter 9 mm is filled with
lead. o is the net section stress on the lead wire.

bending of the notched glass/lead specimen while in
the test grips. The precrack extended from the root of
the scored notch up to the reinforcement.

Unconstrained lead wires of 2.1 mm diameter were
prepared by coating the inner bore of the glass tube
with a “Nicrobraz”t high temperature release agent
prior to introduction of the lead. The release agent
prevented any bonding between the glass and the
lead. The glass/lead specimen was similarly cooled in
the oven at a rate of 20°C/h. After manufacture of the
glass/lead specimen, a notch was introduced around
the circumference of the tube using a glass cutter, and
propagated to the glass/lead interface by bending of
the glass; the lead was separated from the glass wall
by pulling the glass tube at both ends. Finally, the
lead wire was cut into specimens of length 25 mm and
gauge length 10 mm, and was tested in uniaxial
tension, in creep and in fatigue.

2.2. Testing procedures

Monotonic tests of the glass/lead specimens and of
the lead wires were performed on a screw-driven
machine under displacement control. The tests on the
composite cylinder were conducted at a crosshead
speed of 8 ums~! while those on the lead wire were
conducted at a strain rate of 8 x 10~*s~!. For both
types of test, the load—displacement curves were
recorded.

Cyclic tension—tension and creep tests were per-
formed using a servo hydraulic machine. The cyclic
tests were conducted at a constant load range, using
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a constant load ratio R (= minimum load/maximum
load) of 0.05 and a frequency of 0.2 Hz (sine wave).
The cyclic load—displacement curve was continuously
recorded using an X-Y plotter. Creep tests were
performed at room temperature, using constant load;
the displacement was recorded as a function of time
on a chart recorder.

The fracture surfaces of the specimens were exam-
ined in a scanning electron microscope (SEM). The
extent of the debonding along the glass/lead interface
was determined by injecting an alcohol-based ink on
the fracture surface. The ink penetrated into the
debonded region, and the debend length was then
measured using a travelling microscope to an accu-
racy of 0.01 mm.

3. RESULTS AND DISCUSSION

3.1. Monotonic tests

3.1.1. Unconstrained wire. Tensile tests on the un-
constrained lead gave the nominal stress—strain
curves shown in Fig. 3. The specimens failed by
necking down to a point. The uniaxial yield stress of
the unconstrained lead o, equals 4.6 + 0.5 MPa and
the ultimate tensile strength (UTS) of the lead is
13 + 4 MPa. For straining beyond yield and before
the point of necking, the true stress o, vs total true
strain ¢, is given by o, = de where 4 =15+ 4 MPa
and n =0.21. Thus, the wire exhibits appreciable
strain hardening.

3.1.2. Composite cylinders (constrained wire). The
composite cylinders failed by three distinct mechan-
isms, as previously observed by Ashby et al. [7].
Typical fracture surfaces are shown in Fig. 4. When
the adhesion between the glass and the lead was good,
a large single void was nucleated within the lead,
Fig. 4(a). Occasionally, the lead remained bonded to
the glass and the growth of the internal void was
accompanied by the formation of concentric cracks in
the glass, Fig. 4(b). Debonding between the glass and
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Fig. 3. Nominal stress—strain curves for the unconstrained
lead wire. The gauge length is 10 mm.
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Fig. 4. Fracture surfaces of the constrained lead wire under
monotonic loading. (a) Failure by the growth of a single
internal void with no debonding at the glass/lead interface.
(b) Failure by the growth of internal void accompanied by
the formation of concentric cracks in the glass. There is no
debonding at the interface. (c) Limited debonding at the
interface accompanied by the growth of a single internal
void. (d) Extensive debonding at the interface coupled with
the necking of the lead wire.
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Fig. 5. (a) Typical normalised stress—displacement curves

for the glass/lead composite cylinders. 6,( = 4.6 MPa) and

ay(= 1.1 mm) are the uniaxial yield strength and the radius

of the unconstrained wire, respectively. (b) The normalised

peak stress, 0,.,/0,, against the normalised opening dis-
placement at failure, u*/q,.

the lead occurred when the glass/lead interface was
weak. Limited debonding was always accompanied
by the growth of an internal void, Fig. 4(c). When
debonding was extensive, the lead drew down to a
knife-edge or a point, and no central void was
formed, as shown in Fig. 4(d).

Typical stress—displacement curves for the com-
posite cylinder are shown in Fig. 5(a). Here, we plot
the nominal stress ¢ based on the initial cross-
sectional area of the lead in the capillary tube against
the relative displacement u of the two ends of the
specimen. The relative displacement u closely ap-
proximates the “crack opening displacement” across
the crack in the glass tube. The nominal stress ¢ has
been normalised by the uniaxial yield strength of the
unconstrained lead, o,=4.6 MPa, while the crack
opening displacement u has been normalised by the
initial radius of the wire, a, = 1.1 mm. The shape of
the curves are dependent upon the three failure
mechanisms described above: good adhesion between
the glass and the lead but with the growth of an

internal void [see Fig. 4(a)], limited debonding with
an internal void [Fig. 4(c)], and extensive debonding
with necking [Fig. 4(d)]. In all cases the normalised
stress o /g, initially rises to a peak value at a normal-
ized displacement u/a, ranging from 0.05 to 0.3, and
then falls until the wire fails at a maximum opening
displacement u*/a,. The peak stress o, /0, is be-
tween 4 and 5 when there is no debonding, 2.5 and
3.5 when there is minimal debonding, and 3 and 3.5
when debonding is extensive.

The normalised peak stress, o,./0,, is plotted
against the normalised opening displacement at fail-
ure, u*/a,, in Fig. 5(b). The peak stress, 0,./0y,
decreases while the failure stretch, #*/a,, increases as
the constraint between the glass and the lead is lost
due to debonding at the glass/lead interface. The
trends in 6., /0, vs u*/a, reported by Ashby et al. [7]
are included in Fig. 5(b). The lower values of 6, /g,
obtained in the present study compared to those by
Ashby et al. [7] are attributed, probably, to the
different technique of precracking. The bending of
the specimen may result in some loss of constraint
between the glass and the lead.

The steady state toughness increase due to bridging
depends upon the work of rupture parameter, W as
demonstrated by equations (1) and (2). Extensive
debonding at the glass/lead interface increases the
gauge length over which plastic deformation of the
wire occurs, and hence increases both the stretch to
failure of the wire and the work of rupture. We find
that both the stretch to failure #*/a, and the work of
rupture parameter W increase linearly with the
debond length L;/a, (see Fig. 6). The empirical fits
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Fig. 6. The effect of the normalised debond length L,/a,

upon the normalised displacement at failure, u*/q,, and

upon the work of rupture parameter, W, under monotonic

loading. The solid symbols correspond to W while the open
symbols are for u*/a,.
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to the data of Fig. 6 are given by

* L,
—=13+4029— 3)
ay ay

and

Ly
W=18+0.65—. ()

a

A similar linear dependence of u*/a, and of W upon
the debond length L,/a, has been observed by
Bannister [10] in tests of lead sheet sandwiched
between two glass plates. The trends in u*/a, and W
vs L,/a, reported by Bannister [10] are included in
Fig. 6. The correlation between the present results
and those of [10] demonstrates that the linear depen-
dence of u*/a, and W upon the debond length is
independent of the specimen geometry.

The results plotted in Fig. 6 show that the increase
in toughness due to bridging, AG,, can be maximized
by allowing some debonding between the matrix and
the wire or particle. However, debonding results in a
composite of low tensile strength. Therefore a com-
promise has to be reached between arranging for full
constraint between the particle and the matrix giving
low toughness and high strength, and partial debond-
ing which gives high toughness and low strength. A
dual reinforcement scheme has recently been
suggested [5] where one reinforcement debonds and
contributes to the toughness and the other bonds well
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Fig. 7. The S—N curves for both the constrained and the

unconstrained lead wires. The solid lines are the best fit to

the experimental data, while the dashed lines are the extra-

polation of the experimental data to the peak stress under

monotonic loading at a quarter of a cycle. The stress ratio

R (= 0,,/0max) is 0.05 and the tests were conducted at a
frequency of 0.2 Hz (sine wave).

and contributes to the strength. The toughening
characteristics of such a dual-reinforced material are
yet to be addressed.
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Fig. 8. Typical cyclic load-displacement curves for the constrained and the unconstrained lead wires.
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Fig. 9. Fracture surface of the unconstrained lead wire
under cyclic loading.

3.2, Fatigue behaviour

3.2.1. Unconstrained wire. The cyclic stress-life
(S—N) curve for the unconstrained lead is shown in
Fig. 7. The number of cycles to failure N; decreases
as the nominal stress range Ao (= 0. — Opmin)

increases. The specimens accumulated plastic strain
by ratchetting, until failure occurred by necking to a
point. A typical cyclic load—displacement curve is
shown in Fig. 8(a) while the fracture surface of a
necked specimen is shown in Fig. 9. Microscopic
examination of the fracture surface showed no evi-
dence of slip steps or striations. The nominal strain
at failure, ¢* = u*/l,, is between 0.3 and 0.7, and is
independent of the stress range Ao applied to the
specimen. Here, u* is the extension at failure and /,
(= 10 mm) is the initial gauge length of the specimen.
These values for e¢* under cyclic loading are within
the range obtained under monotonic loading; for the
monotonic tests, ¢* = 0.39 — 0.52 as shown in Fig. 3.

3.2.2. Composite cylinders (constrained wire). The
S—N curves for the glass/lead specimens are included
in Fig. 7. The specimens failed by three mechanisms
similar to those observed under monotonic loading.
The mechanisms are: (a) no debonding with internal
void growth, (b) minimal debonding with internal

Fig. 10. Fracture surfaces of the constrained lead wire in fatigue. (a) Failure by the growth of a single

void with no debonding at the interface. (b) Magnified view of the circled part of (a). Fatigue striations

show the growth of the void with increasing number of fatigue cycles. (c) Minimal debonding at the

interface with void growth in the lead. (d) Magnified view of the circled part of (c) showing fatigue
striations. (¢) Extensive debonding at the interface with necking of the lead.
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void growth, and (c) extensive debonding with neck-
ing. Micrographs of the failure surfaces are shown in
Fig. 10. The fatigue strength of the constrained wires
was greater than that of the unconstrained wires. The
greatest resistance to fatigue was obtained when the
adhesion between the glass and the lead was good and
the specimen failed by the progressive growth of an
internal void, Fig. 10(a). The resistance to fatigue was
lowest for the case of partial debonding accompanied
with void growth. In this case, minimal debonding
results in a partial loss of constraint between the glass
and the lead, and hence a reduction in the maximum
stress that the specimen can withstand (see Fig. 5). In
addition, the growth of the void results in the concen-
tration of cyclic plastic strain around the remaining
small cylindrical ligament of the wire.

The growth of the void with increasing number of
fatigue cycles is evident from the striations shown in
Fig. 10(b,d). The spacing of the striations ranges
between 1 and 3 um. Microscopic examination at
high magnification of the glass/lead specimens that
failed by debonding and necking also revealed the
presence of striations on the fracture surface (not
shown in Fig. 10).

The S—N curves can be fitted to an equation of the

form
(f) NE=C %)

0o

where o, is the uniaxial yield stress of the uncon-
strained wire. C and f§ are empirical constants which
depend upon the failure mechanism. We deduce from
Fig. 7 that for the constrained wire (C, §) takes the
values (16,0.5), (9,0.5) and (6.5,0.5) for (a) no
debonding with internal void growth, (b) minimal
debonding with void growth, and (c) extensive
debonding with necking, respectively. The S—N curve
for the unconstrained wire is described by equation
(5) with p =0.36 and C = 1.8 cycle’.

The cyclic load—displacement curves [see Fig. 8(b)]
showed that the composite specimens failed by the
cyclic accumulation of plastic strain in the direction
of the applied load as in the case of the unconstrained
wire. The maximum displacement, in each fatigue
cycle u,,, increases with increasing number of fatigue
cycles until failure occurs, as shown in Fig. 11(a).
When the specimen fails by debonding and necking,
a transient region occurs in which the ratchetting
rate, d(upy,y /@ )/dN, diminishes with increasing open-
ing displacement at fixed stress amplitude, followed
by a steady state region in which d(u,,,/a,)/dN
remains constant. In contrast, specimens that fail by
debonding and void growth exhibit a negligible tran-
sient; the ratchetting rate remains constant with
increasing number of fatigue cycles except when the
maximum displacement u,,, approaches the failure
displacement u*. The steady state rate of ratchetting
d(uae /a0)/dN is plotted as a function of the nor-
malised stress range Ao /o, in Fig. 11(b). The ratchet-
ting rate for the specimens that fail by debonding and
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internal void growth is higher than the rate for the
specimens that fail by debonding and necking. The
ratchetting rate vs the stress range curves can be fitted
to a power law equation of the form

d(umax/ao) —B .A_O' ’ (6)
dN oy

where B and s are empirical constants which are
dependent upon the failure mechanism. The data
plotted in Fig. 11(b) suggest (B,s) values of
(3x107%5.6) and (2 x 107%,4.5) for the case of
debonding with void growth, and extensive debond-
ing with necking, respectively. We note that the
displacement range Au ( = ty,, — Uy;,) T€MAains con-
stant with increasing number of fatigue cycles, and is
linearly dependent upon the stress range Ag, as
shown in Fig. 11(c). The displacement range is not
dependent upon the failure mechanism. The results
can be summarised by the equation

As =100 Au . )

Oy 2

Current theories of crack briding under fatigue
conditions [14] assume a cyclic traction—displacement
law for the bridging particles and neglect the
phenomenon of ratchetting. This is reasonable if the
mean stress relaxes quickly by ratchetting and the
bridged material suffers fully reversed low cycle fa-
tigue. If, however, ratchetting is slow then a more
complex description of the bridging law is required in
order to include the effect of ratchetting. A suitable
measure of the significance of ratchetting is the ratio
of the displacement range Au per load cycle and the
accumulated displacement du,,, per load cycle. For
the constrained lead wire, Au < du,,,. This implies
that for the case of wire reinforced composite,
ratchetting of the constrained wires occurs rapidly
behind the crack tip; the mean stress of the wires
quickly relaxes to zero and the wires fail by low cycle
fatigue.

Under monotonic loading, a peak stress of the
order of 6., /0, ~ 4.5 is attained before failure. How-
ever, the susceptibility of the constrained wire to
fatigue implies that the wire fails at a lower load if
subjected to a sufficient number of fatigue cycles (see
Fig. 7). We deduce that fatigue crack growth may
occur in a ductile particle toughened composite at a
lower range of stress intensity factor than under
monotonic loading; the contribution to toughening
due to bridging is reduced under fatigue loading.

The crack opening displacement at which the wire
fails, u*/a,, is plotted in Fig. 12(a) for different values
of the normalised stress range Ag/a,. For all three
failure mechanisms, u*/a, increases as Ac/o, in-
creases. As in the static case, u*/a, has the largest
value when the specimen debonded and necked, and
the lowest value when there was no debonding with
internal void growth. The low values of u*/a, at low
load ranges imply that the bridging zone size in
fatigue is smaller than the bridging zone size for
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Fig. 12. The dependence of the normalised opening dis-

placement at failure, #*/a,, under cyclic loading upon (a)

the normalised stress range Ao /a,, and (b) the normalised

debond length L;/a,. The solid and the dashed lines in (a)
are best fits to the experimental data.

monotonic loading. This is consistent with the exper-
imental observation of the fatigue behaviour of a
TiAl intermetallic alloy reinforced with TiNb par-
ticles [13]. A bridging zone of about 4mm under
monotonic loading diminished under fatigue loading
to 150 um behind the crack tip.

The crack opening displacement at failure under
cyclic loading shows a linear dependence upon the
debond length, L,/a,, as in the monotonic loading,
Fig. 12(b). The best fit to the fatigue data is given by

*
Y 0340655 @®)
2 ay
The final debond length is expected to depend upon
the distribution of flaws along the glass/lead inter-
face. Adequate characterisation of the interface is
thus necessary. The debond lengths L,/a, plotted in
Fig. 12(b) are the values at failure. It is not clear
whether debonding increases with increasing number
of fatigue cycles. Further experiments using a differ-
ent specimen geometry are needed to quantify inter-
facial fatigue crack growth.
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room temperature; T =~ 25°C.

3.3. Creep behaviour

3.3.1. Constrained wire. The creep response of the
unconstrained wire is shown in Fig. 13(a) for constant
applied load. The strain, ¢, is normalised by the
failure strain, ¢*, while the time, ¢, is normalised by
the time to failure, ;. The strain increases with time
until failure occurs by necking. The strain rate de-
creases with time in the initial primary creep regime,
and later settles down to a constant value (secondary
creep) before increasing rapidly as the failure strain
is approached. The steady state strain rate € is
related to the normalised applied stress o /g, by

: 7.1
S _82x 10—6<3> )

€ref 09
where the reference strain rate is € =1s7%

The normalised applied stress o/g, is plotted
against the time to failure ¢ in Fig. 14(a). The time
to failure decreases with increasing stress on the
specimen. The best fit to the data shows that the time
to failure ¢ (s) is related to the normalised applied
stress g /o, by
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—-6.9
f=1.7 x 10* (i> .
0o

3.3.2. Composite cylinders (constrained wire). The
glass/lead specimens failed in creep by two mechan-
isms: (a) minimal debonding with void growth [see
Fig. 15(a)], and (b) extensive debonding with necking
[see Fig. 15(b)]. The normalised applied stress o /g, vs
the time to failure ¢ curves for the constrained wire
are included in Fig. 14(a). The constrained wire
shows creep strengths which are typically three times
that of the unconstrained wire. The failure time ¢ (s)
for the constrained wire is related to the normalised
applied stress by

—46
fr=2.1x 105<1>
Oy

for the case of minimal debonding with internal void
growth, and by

3.1
f,=18 x 10° (3>
)

for the case of extensive debonding with necking.
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Fig. 14. (a) Effect of the normalised applied stress o /o,

upon the time to failure #; for the unconstrained wire and the

model composite specimens. The solid lines are best fits to

the experimental data. (b) Comparison between the time to
failure in fatigue and in creep.
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Fig. 15. Fracture surfaces of the constrained wire in creep.
(a) Debonding with internal void growth, and (b) debonding
with necking.

Figure 14(b) shows the comparison between the
time to failure in fatigue and in creep for the mono-
lithic lead wire and the constrained wire. There is
minimal fatigue-creep interaction by the following
argument. If we assume that ratchetting is by creep
and not by fatigue, a linear summation of damage
would give fatigue lives about 100 times longer than
those actually observed.

Typical crack opening displacement # vs time
curves are shown in Fig. 13(b) for the constrained
wires. As for the unconstrained wires, primary, sec-
ondary and tertiary creep regimes are evident. The
normalised steady state opening displacement rate
t/a, (in secondary creep) is plotted against the nor-
malised applied stress ¢ /o, in Fig. 16(a). Specimens
that fail by minimal debonding with internal void
growth display greater displacement rates (and
shorter creep lives) than those that fail by debonding
and necking. The steady state crack opening displace-
ment rate of the constrained wire in creep, u/a,, is
related to the normalised applied stress by

y 4.95
=~ 091 x 10—6(i>
€retdo )

(13)

for the case of debonding with void growth, and by

y 2.92
Y _13x10-° <ﬁ>
€ret Qo )

. (14)
for the case of debonding with necking. The reference
strain rate €. = 1s™.

Figure 16(b) shows the failure stretch from the
monotonic, fatigue and creep tests. The failure stretch
u*/a, in creep remains fairly constant for all values of
the applied stress, and is equal to the monotonic

FATIGUE AND CREEP OF A CONSTRAINED METAL WIRE
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Fig. 16. Effect of the normalised applied stress ¢/, upon

(a) the steady state crack opening displacement rate #/a, for

the constrained wire in creep, and (b) upon the failure

stretch of the constrained wire under monotonic loading

(lines no. 1), fatigue loading (lines no. 2), and creep loading
(lines no. 3).

failure stretch to within experimental scatter. We note
that for monotonic, fatigue and creep tests, the
specimens that fail by debonding and necking possess
the highest failure displacements. We further deduce
from Fig. 16(b) that the bridging enhancement to
toughness of a fibre composite is greatest for
monotonic loading, and is significantly reduced for
fatigue or creep loading.

4. CONCLUDING REMARKS

The present experiments clarify the fatigue and
creep characteristics of a ductile particle reinforced
material. The response bears many similarities to the
behaviour under monotonic loading. Under
monotonic loading, the peak stress carried by the
constrained lead wire is approximately 4 times the
yield stress of the unconstrained lead. The model
composite maintains this high plastic constraint
under fatigue and creep loading.



Three failure mechanisms are observed under
monotonic and fatigue loading: no debonding with
internal void growth, minimal debonding with in-
ternal void growth and extensive debonding with
necking. Under creep loading, failure is by minimal
debonding with internal void growth and extensive
debonding with necking.

Under fatigue and creep loading the work of
rupture W is reduced; hence the enhancement of
toughness of a fibre (or particle) reinforced com-
posite due to bridging is reduced. Toughened
composites typically experience fatigue and creep
loading in service; alternative means must be sought
to increase the toughness of composites under these
circumstances.
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